We evaluated the antitumor effect of a telomerasespecific replication-selective adenovirus (Telomelysin, OBP-301) for adenoid cystic carcinoma (ACC) in vitro and in vivo. Adenovirus E1 gene expression was controlled by human telomerase reverse transcription (hTERT). Infection of ACC cells by OBP-301 induced high E1A mRNA expression and subsequent oncolytic cell death in a dose-dependent manner. Using OBP-401 (TelomeScan), a genetically engineered adenovirus that carries the GFP gene under the control of the cytomegalovirus (CMV) promoter at the deleted E3 region of OBP-301, ACC cells expressed bright GFP fluorescence as early as 12 h after OBP-401 infection. The fluorescence intensity gradually increased in a timedependent manner, followed by rapid cell death due to the cytopathic effect of OBP-401, as evidenced by the floating, highly light-refractive cells using phase-contrast microscopy. Effects of intratumorally injected OBP-401 against established Acc2 xenograft tumors were seen in BALB/c nu/nu mice. The levels of GFP expression following ex vivo infection of OBP-401 may be of value as a positive predictive marker for the outcome of telomerase-specific virotherapy. Our data clearly indicated that telomerase-specific oncolytic adenoviruses have significant therapeutic potential against human ACC in vitro and in vivo. These results suggest that treatment with OBP-301 and OBP-401 may improve the quality of life of oral cancer patients.
Introduction
ACC is a malignant neoplasm that originates in both the minor and major salivary glands, the naso-pharyngeal secretory gland and the lacrimal gland with some other rare primary sites, and is characterized by slow growth, diffuse invasion, a high tendency towards mass formation and local recurrence, and the potential to produce distant metastases, mainly to the lungs and bones (1, 2) . Late distant metastases are, together with local recurrences, responsible for the rather low long-term survival rate (3) . ACC of the salivary gland is an uncommon malignancy, comprising only 1% of head and neck tumors, 10% of salivary malignancies and 22% of all salivary gland malignancies (4, 5) . Many types of combination chemotherapy and molecular target therapy have been investigated; however, only limited responses have been shown (5) .
The telomerase-specific replication-competent adenovirus (Telomelysin, OBP-301), in which the human telomerase reverse transcriptase (hTERT) promoter element drives expression of the E1A and E1B genes linked with an internal ribosomal entry site (IRES), induces selective E1 expression (6) (7) (8) (9) . Moreover, >85% of human cancers display telomerase activity (10) , and both telomerase activity and hTERT expression are increased in human salivary gland carcinomas. Intratumoral injection of OBP-301 in combination with a replicationdeficient adenovirus expressing the green fluorescent protein (GFP) gene (OBP-401, TelomeScan) causes viral spreading into the regional lymphatic area with subsequent selective replication in metastatic lymph nodes in BALB/c nu/nu mice (11) . Furthermore, we showed that OBP-301 induces a selective antitumor effect in OSCC cells in vitro and in an in vivo orthotopic graft model (12) . However, the antitumor effects of these telomerase-specific replication-selective oncolytic viruses are not yet fully understood in the framework of ACC. In the present study, we investigated the in vitro and in vivo inhibitive efficacy of OBP-301 and OBP-401 against ACC. provided by Dr W.L. Qiu. The Acc2 cell line was derived from a 28-year-old female patient, and AccM was established from Acc2 as a highly metastatic subclone (13, 14) . Acc2, AccM and the OSCC cell line SAS were maintained in vitro as monolayers at 37˚C with 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin.
Materials and methods

Cell
Adenoviruses. The telomerase-specific replication-selective oncolytic virus vector OBP-301 (Telomelysin) was constructed and previously described; the hTERT promoter element drives expression of the E1A and E1B genes linked with an internal ribosome entry site (IRES). A GFP gene driven by the cytomegalovirus (CMV) promoter was inserted into OBP-301, so that the virus would express GFP during efficient replication in infected cells (7, 9, 15) . OBP-401 (TelomeScan) is a telomerase-specific replication-selective oncolytic virus variant, in which a GFP gene under control of the cytomegalovirus promoter is inserted into the deleted E3 region of OBP-301 for monitoring viral replication (11) . The viruses were purified by CsCl 2 linear gradient ultracentrifugation. The viral titers were determined by plaque-forming assay using 293 cells and then stored at -80˚C.
Western blot analysis. Protein was extracted from collected cells with Triton X-100 lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 0.5% Triton X-100, 5 mM EDTA, 1 mM sodium o-vanadate) supplemented with Complete Mini (Roche Diagnostics, Basel, Switzerland) protease inhibitor tablets. Cells were lysed after 48 h of cell seeding, and protein concentrations were subsequently measured using the Bio-Rad Quick Start protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Western blot analysis of fraction markers was carried out according to the method previously described (16) . The proteins in the SDS sample buffer (25 µg protein) were heated, separated on 4-15% Mini Protean TGX precast gels (Bio-Rad Laboratories) and transferred to a polyvinylidene difluoride (PVDF) membrane (Life Technologies, Billerica, MA, USA). After the membrane was blocked with 0.3% skim milk, the primary antibodies against hTERT (Merck Millipore, Billerica, MA, USA), CAR, GAPDH (Santa Cruz Biotechnology, CA, USA) and subsequently, peroxidase-linked secondary antibodies (GE Healthcare, Buckinghamshire, UK) were used. The blots were visualized using the ECL Western blotting detection system (GE Healthcare).
Cell viability assay. Acc2, AccM and SAS cells were seeded on 96-well plates at a density of 2.5x10 3 cells/well 18-24 h before viral infection. Cells were infected with OBP-301 at multiplicity of infection (MOI) of 1, 10, 50 and 100 plaqueforming units (PFU)/cell. Cell viability was determined by an XTT assay at 24, 48, 72 and 120 h using the Cell proliferation kit II (Roche Diagnostics) according to the protocol recommended by the manufacturer; the particular XTT was sodium 3'-[1-(phenylamino-carbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro)benzene-sulfonic acid hydrate.
Quantitative real-time RT PCR analysis. Acc2 and AccM cells, seeded on 100-mm dishes at a density of 4x10 5 cells 18-24 h before viral infection, were infected with OBP-301 at 50 PFU/cells. Following the removal of the virus, cells were further incubated and harvested 2, 24, 48 and 72 h later, and total RNA was extracted using TRIzol (Life Technologies). cDNA was generated from 500 ng of total RNA using the iScript cDNA synthesis kit (Bio-Rad Laboratories). Quantitative real-time PCR for the E1A gene was performed using the iCycler iQ Real-time PCR detection system (Bio-Rad Laboratories) and the iQ SYBR-Green Supermix (Bio-Rad Laboratories), according to the manufacturer's instructions. The primer sequences of E1A used in the present study were as follows: forward, 5'-GCT GAT CGA AGA GGT ACT GC-3' and reverse, 5'-ACC GCC AAC ATT ACA GAG TC-3'. The cDNA amplification program for E1A genes consisted of denaturation at 95˚C for 2 min, followed by 45 cycles at 95˚C for 5 sec and annealing and extension at 60˚C for 20 sec (17).
Fluorescence microscopy. Acc2 and AccM cells were infected with OBP-401 at the indicated MOI values in a 6-well flat-bottomed culture plate and further incubated for the indicated time periods. The expression of GFP fluorescence was measured and photographed at the magnification of x20 using a fluorescence microplate reader (BioStation CT; Nikon, Corp., Tokyo, Japan).
Animal experiments. Acc2 and AccM cells (3x10 6 cells/mouse) suspended in Matrigel were injected into the submandibular glands of female 6-week-old BALB/c nu/nu nude mice to generate a subcutaneous tumor model. When tumors reached 3-5 mm in diameter, OBP-301 or OBP-401 at a dose of 1x10 8 plaque-forming units (PFU)/tumor or PBS was injected into the tumor (12) .
The perpendicular diameter of the tumors was measured every 3 days, and the tumor volume was calculated using the following formula: Tumor volume (mm 3 ) = a x b 2 x 0.5, where a is the longest diameter, b is the shortest diameter and 0.5 is a constant to calculate the volume of an ellipsoid. The body weights of mice were monitored and recorded. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation at Showa University.
Results
In vitro cytopathic effect of OBP-301 on ACC cell lines and the SCC cell line, CAR and hTERT protein expression and
E1A RNA expression. Western blot analysis revealed the protein expression levels of CAR and hTERT in ACC and SCC cell lines (Fig. 1A) . The in vitro cytopathic effect of OBP-301 on ACC cell lines and the human SCC cell line by XTT assay is shown (Fig. 1B) . ACC and SCC cell lines were infected with OBP-301 at various MOIs for 5 days. OBP-301 infection induced cell death in a time-dependent manner. Acc2 showed the highest expression levels of CAR and AccM showed the highest expression of hTERT. E1A expression in OBP-301-infected Acc2 and AccM cell lines multiplied after 48 h when OBP-301 at a MOI of 50 was used (Fig. 1C) .
Visualization of OBP-401 in ACC cell lines in vitro.
Tumorspecific replication-competent adenovirus OBP-401 contains the GFP gene under control of the CMV promoter at the deleted E3 region of the telomerase-specific replication-selective type 5 adenovirus, OBP-301. To determine whether OBP-401 replication is associated with selective GFP expression, ACC cell lines were analyzed by fluorescence microscopy after OBP-401 infection. Acc2 and AccM cells expressed bright GFP fluorescence as early as 6 and 12 h, respectively, after OBP-401 infection at a MOI of 100. The fluorescence intensity gradually increased in a dose-dependent manner (Fig. 2) .
In vivo studies of antitumor effects of intratumoral injection of OBP-401 in a xenograft mouse model. We investigated inoculation (Fig. 3A) . Representative images from each group showed that tumors treated with OBP-401 three times with starting day 11 after tumor inoculation were smaller than those of mock-treated mice 35 days after the third viral infection (Fig. 3B) . Histopathological examination of the excised primary tumors showed a tumor composed of implanted Acc2 cells with a solid architecture (Fig. 3C) . Representative images from each group showed that tumors treated with OBP-401 with starting day 5 after tumor inoculation were consistently smaller than those of mock-treated mice 35 days after the last viral injection (P<0.05) (Fig. 3D) .
Selective visualization of infected viruses in subcutaneous tumors in vivo.
We visualized OBP-401-infected Acc2 cells intratumorally in BALB/c nu/nu mice. Tumor-bearing mice, inoculated subcutaneously with 3x10 6 Acc2 cells, were observed 14 days after treatment with OBP-401 for the third time (Fig. 4, left panel) . GFP signals were detected through the skin (Fig. 4, middle panel) , showing that adenoviruses had spread into the surgically removed tissue (Fig. 4, right panel) .
Discussion
Telomerase is expressed in a majority of human cancers, and its activation plays a critical role in tumorigenesis by sustaining cell immortality (18) . Telomerase activity is detected in about 85% of human cancers (19) , whereas telomerase is absent in most normal somatic tissues (20) . The adenovirus E1B gene is expressed early in viral infection and its gene product inhibits E1A-induced p53-dependent apoptosis, which in turn promotes the cytoplasmic accumulation of late viral mRNA, leading to a shutdown of host cell protein synthesis. In most vectors that replicate under the transcriptional control of the E1A gene, including hTERT-specific oncolytic adenoviruses, the E1B gene is driven by the endogenous adenovirus E1B promoter (15) . In OBP-301, the tumor-specific hTERT promoter regulates both the E1A and E1B genes. OBP-301 is expected to control its replication more stringently, thereby providing better therapeutic effects in tumor cells as well as attenuated toxicity in normal tissue (6) .
The sensitivity varied greatly between cells despite human telomerase reverse transcriptase and CAR protein expression. The hTERT promoter is reported to be inactive in normal cells. It may provide transcriptional activity in some cell types with telomerase activity, such as stem or germline cells (21, 22) . In fact, protein expression of CAR was higher in SAS than in Acc2 or AccM, and AccM protein expression of hTERT was higher than that of Acc2 (Fig. 1A) . Expression levels of CAR and hTERT showed no significant difference between AccM and SAS cells; nevertheless, the anticancer effect of OBP-301 on the SAS cell line was better than that on AccM cells by the XTT assay. Thus, neither hTERT nor CAR protein expression levels appear to be useful for predicting the outcome of OBP-301 treatment. We reported that OBP-301 showed an antitumor effect on Acc2 cells in a dose-dependent manner (Fig. 1B) . In vitro, OBP-301 has been shown to kill various human cancer cell lines, as determined by cell proliferation assay (6, 9, 17, 23, 24) ; moreover, a previous study showed no significant toxicity of OBP-301 to normal human cells (11, 25, 26) . E1A is the first adenoviral gene to be expressed; therefore, quantitative real-time RT-PCR analysis of E1A reveals intracellular amplification of OBP-301 (Fig. 1C) . As E1A expression correlates directly with overall virus efficacy, the ability of the host cell to permit expression would profoundly influence all subsequent parts of the life cycle. However, previous studies found that E1A expression does not correspond with CAR and hTERT expression; hence, the levels of expression vary widely and do not correlate with OBP-301 sensitivity (12, 27) . Furthermore, a recent report showed that OBP-702, in which a human wild-type p53 gene expression cassette was inserted into the E3 region of OBP-301 suppressed the viability of cancer cells more efficiently than OBP-301, inducing dual apoptotic and autophagic cell death (28, 29) . This novel apoptotic mechanism suggests that the p53-expressing OBP-702 also has a possibility of antitumor efficacy for adenoid cystic carcinoma cells.
In the present study, we inoculated tumor cells subcutaneously into BALB/c nu/nu mice and confirmed the formation of tumors with diameters of 5-9 mm after 5 days. We showed that OBP-401 has antitumor activity against ACC tumors in vivo (Fig. 3B and D) . When tumors of OBP-401 treated mice (2,694 mm 3 ) were compared with those of non-treated mice (7,945 mm 3 ; P<0.05), the results indicated that their size clearly decreased after 35 days. Acc2 cell lines examined in our preliminary experiments were susceptible to telomerasespecific replication-selective oncolytic virus infection in vitro and in vivo, suggesting that the proportion of potentially treatable cancer is high. Recently, OBP-301 has been developed as an oncolytic viral agent for the treatment of human cancer and is currently being evaluated in a Phase-I clinical trial (30) . On the basis of these results, and with future clinical applications in mind, we established a therapeutic strategy for the use of telomerase-specific oncolytic adenoviruses to treat patients with adenoid cystic carcinoma. This strategy involves assessment of the expression levels of CAR and hTERT in human ACC cells, which would then allow easy selection of the most effective protocol for the treatment of patients with oncolytic adenoviruses.
We demonstrated GFP expression following OBP-401 in vitro and in vivo (Figs. 2 and 4) . Administration of OBP-401 can provide an additional advantage in cancer therapy. OBP-401, similar to OBP-301, is an oncolytic virus and selectively kills human tumor cells by viral replication. Tumor cells infected with OBP-401 express GFP fluorescence and then lose viability, allowing the timing of detection. We speculate that OBP-401 would spread into the regional lymph nodes after intratumoral injection (11, 12) , express GFP signals in tumor cells by virus replication and finally kill tumor cells even if the surgeon failed to remove all nodes containing micrometastasis. Thus, the oncolytic activity of OBP-401 may function as a backup safety antitumor program. Further prospective clinical studies are required to confirm the direct correlation between GFP expression in biopsy samples following ex vivo OBP-401 infection and the clinical response to OBP-401 in patients with ACC.
In conclusion, our data clearly indicate that telomerasespecific replication-selective oncolytic adenoviruses can significantly inhibit ACC cell growth in vitro and in vivo. Moreover, these viruses can be used in an ex vivo diagnostic assay to predict the therapeutic potential of viruses in ACC patients (31) . This novel technology will affect and contribute to the minimum operative procedure for ACC cancer patients.
